One contribution of 13 to a theme issue 'The dynamics of antibody repertoires'. Older people are more susceptible to infection, less responsive to vaccination and have a more inflammatory immune environment. Using spectratype analysis, we have previously shown that the B-cell repertoire of older people shows evidence of inappropriate clonal expansions in the absence of challenge, and that this loss of B-cell diversity correlates with poor health. Studies on response to vaccination, using both spectratyping and high-throughput sequencing of the repertoire, indicate that older responses to challenge are lacking in magnitude and/or delayed significantly. Also that some of the biologically significant differences may be in different classes of antibody. We have also previously shown that normal young B-cell repertoires can vary between different phenotypic subsets of B cells. In this paper, we present an analysis of immunoglobulin repertoire in different subclasses of antibody in five different populations of B cell, and show how the repertoire in these different groups changes with age. Although some age-related repertoire differences occur in naive cells, before exogenous antigen exposure, we see indications that there is a general dysregulation of the selective forces that shape memory B-cell populations in older people.
Introduction
The unique processes involved in generation and shaping of the B-cell repertoire are interesting in their own right, but the results of their action can also be exploited to gain insight into immunological processes. The recombination of immunoglobulin heavy chain variable (IGHV), diversity (IGHD) and joining (IGHJ) genes, coupled with the imprecise joining of these and the addition of random nucleotides by the action of terminal deoxynucleotidyl transferase, results in a 'fingerprint' complementarity determining region 3 (CDR-H3) that can be used to identify a B cell and its progeny. This capability enables us to track B-cell families in blood/tissue so we can determine the extent and type of dissemination [1, 2] . We can also examine immune responses by building lineage trees to look at the extent of somatic hypermutation and selection acting on the clone and to determine whether class switching occurs within clones [1] . A study of the Ig gene sequences and the preponderance of their use has long been used to gain insight regarding biologically important selective forces acting on the repertoire. This is useful for identification of high-quality antigen-specific antibodies for use in therapeutics and, conversely, for identification of antibodies associated with autoimmune diseases or lymphoid malignancies [3] [4] [5] [6] [7] [8] [9] . With the advent of high-throughput sequencing (HTS), we can now study the repertoire on a scale more appropriate to a system where the number of unique rearranged Ig gene sequences per person is estimated to be in the order of 10 8 .
Many of the initial studies of B-cell repertoire have been on peripheral blood mononuclear cells (PBMCs) on a small number of individuals [10] [11] [12] [13] . As we progress in our understanding we are realizing that inter-individual variability in B-cell repertoire of humans is quite significant and this brings challenges for an expensive approach such as HTS. Furthermore, we have shown that different types of B cell can have very different repertoires [2] . This means that studies such as the influenza/pneumococcal vaccination study that we published recently [13] , where we looked at the repertoire in whole blood, are limited by the averaging effect of looking at a mixed population. Often it is not possible to obtain sufficient blood in a study to be able to sort enough cells to repeat the sequencing on different subsets, in which case the judicious use of constant region primers would be able to make some distinction between B cells based around the class of antibody [1, 2] . The advantage of knowing that different B-cell populations have a different repertoire, is that it implies the selective forces acting on the B-cell repertoire will vary depending on the development pathway of the cell. Therefore, a study of repertoire in different B-cell subsets in health and disease can tell us whether the forces acting on the lifespan of the B repertoire have changed or not.
The older immune system is less effective, showing reduced responses to infection and vaccination, and increased background levels of autoantibodies and inflammatory cytokines [14] [15] [16] [17] [18] . We, and others, have previously shown that the numbers of different types of B cells have changed with age [14, 19, 20] . The CD27
þ IgD þ so-called 'IgM memory' cells decrease in older people [20] . Although there is some evidence that some cells in this population are the precursors of IgG þ CD27 þ IgD 2 memory cells [21] , we have shown that the majority of this population must be activated differently as the population has a distinctive pattern of IGHV gene use [1, 2] . Evidence seems to point towards a large proportion of IgM memory cells being responders to T-independent antigens such as pneumococcal polysaccharide [22] [23] [24] . This is still a matter of debate, and the finding that the human B1-like B cells and the IL10-producing B regulatory cells may also be in this CD27 þ IgD þ population [25, 26] does not help to clarify the situation. The other type of cell that was found to change with age was that which looks in many respects like a normal IgD 2 memory cell, but which does not have CD27 expression [19] . The function of these cells is unknown, but they have been postulated to be exhausted memory cells [19] . We have indeed found that many features of these cells are similar to CD27 þ memory cells [1] , although when it comes to hypermutation levels, and to the CDR-H3 character of IgM þ IgD 2 cells in these compartments, we have also shown some key differences [1] . In this study, we sorted cells into different subsets based on CD27, IgD and CD10 staining. As we have previously shown differences in repertoire between IgM
subdivided the subsets into different classes by using different constant region-specific primers. This enabled us to investigate whether IgM þ cells without IgD also differed with respect to repertoire as well as facilitating the comparisons between switched cells. We produced a large number of IGH sequences from 14 different individuals aged from 21 to 87 years. We report here that there are different repertoire characteristics, even within one class of antibody, in the young individuals. When compared with the old individuals we find multiple age-related differences which together point towards an alteration in selective processes with age.
Material and methods (a) B-cell isolation and cell sorting
The PBMCs were isolated from a total of six young (21-45 years) and eight old (62-87 years), healthy volunteers. PBMCs were isolated using Ficoll-Paque Plus (GE Healthcare) and Leucosep tubes (Grenier Bio-One Ltd). For HTS analysis, CD19 þ B cells were positively selected for using the MACS B-cell Isolation Kit (Miltenyi Biotec), stained with CD10 (b) High-throughput sequencing and data analysis cDNA synthesis was performed by adding 500U SuperScript III reverse transcriptase (Invitrogen) to the 180 ml of SLyRT buffer containing the sorted cells. The following RT reaction was performed: 428C (10 min), 258C (10 min), 508C (60 min) and 728C (15 min). The Ig genes were amplified as in Wu et al. [2] . Briefly, Ig genes were amplified using a semi-nested isotype-specific PCR. A 25 ml PCR1 reaction containing 6.25 ml of cDNA, 0. 
CD27
2 and IgD 2 CD27 þ sorted populations underwent additional IgG and IgA C-region-specific PCR reactions, thus enabling subdivision of these cellular populations into individual classes.
Downstream data clean-up and processing were carried out as previously published [2] . Briefly, Ig gene usage and the CDR-H3 junction regions were determined using High-V-QUEST [27] . ProtParam was used to determine the physico-chemical properties of the CDR-H3 peptide between the conserved first (cysteine) and last amino acid (tryptophan) [28] . Annotated and cleaned data were combined and subsequent analyses performed in Excel (Microsoft) using Mann-Whitney U tests and Spearman's correlations. Sequence data are available upon request.
Results (a) Immunoglobulin repertoire of B-cell subsets
To determine whether there are repertoire similarities between different types of memory cells, and whether these are affected by age, we compared the Ig gene usage of different subclasses of Ig genes within five different cell types. Cells were sorted by CD27, IgD and CD10 expression as shown in figure 1 Key differences in the repertoire between different groups of cells from young donors seem to be focused on the relative use of IGHV1 and IGHV3 family genes. In agreement with our previous observations [ 
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2 cells: CDR3 length, average number of neutral non-polar amino acids, average number of negative amino acids, theoretical pI, grand average hydrophobicity (GRAVY) index, aliphatic index, molecular weight and average number of polar amino acids. Significant differences between a gene family frequency in one cell compared with another (i.e. IGHV1 in IgM memory cells compared with IGHV1 in transitional cells, T) are denoted by a letter. The letter corresponds to the cells type being compared such that for IgM memory cells there is a significant difference between IGHV1 usage in IgM memory cells versus transitional cells denoted by 'T' above the IGHV1 column. T, transitional; N, naive; G1, IgG1; G2, IgG2; G3, IgG3; A1, IgA1; A2, IgA2. n ¼ 4 -6 young donors. *p , 0.05 by Mann -Whitney U test, bars are s.e.m. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140237 are characterized by increased usage of IGHV3 family genes at the expense of IGHV1 and IGHV4 families when compared with naive cells in the young sequences (figure 1b). Conversely, the class switched B cells, when analysed in combination, are characterized by an increase in IGHV1 and decreased IGHV3 (data not shown) [2] . However, this latter observation has since been shown to be an averaged effect across class switched cells as the IGHV repertoires between different classes of cells in young individuals differ from each other [1] . Even within the same class of antibody there are differences: IgG1 and IgG3 share the same distribution of IGHV family usage, but this is different to the IGHV family repertoire in IgG2. The IgG2 repertoire has more in common with the IgA1 and IgA2 repertoires than with the other IgG subclasses, having more IGHV3 and less IGHV1. The IgG2/IgA1/IgA2 pattern of IGHV gene usage also shows similarity with the IgM memory repertoire (figure 1b). Hence, it would appear that the selective forces acting on the IgG1 and IgG3 antibody repertoire differ from the other types of memory cells.
Although the IGHD repertoire only varies slightly between cells (data not shown) the IGHJ repertoire varies significantly between naive and memory cells. There is an increased frequency usage of IGHJ4 within memory cells compared with antigen-inexperienced cells, which occurs at the expense of IGHJ6 ( figure 1c ). This will have an impact on the CDR-H3 region, which makes the largest contribution to the antigen binding site of the antibody. We have previously shown that the memory B-cell repertoire has, on average, a significantly shorter CDR-H3 region than naive cells [1, 2] . This is also true for different types of IgM memory cells [1] . (b) Alterations in immunoglobulin repertoire within switched subclasses with age
Within our data we cannot compare the relative use of different classes of antibody, as they are isolated using different C region primers in separate PCR reactions. We can, however, determine the relative use of different subclasses of antibody, as all sequences of one class are amplified with the same primer and we distinguish the subclasses using sequence motifs upstream of the primer. The proportions of different subclasses in the repertoire are affected by age. At all ages there is a preponderance of IgA1 over IgA2 in the blood in both the CD27 þ and CD27 2 memory populations. The relative amounts do not change with age in the CD27 2 memory cells, but in the CD27 þ memory cells there is a significantly greater proportion of IgA2 in the older group (figure 2a). In the CD27
2
IgG population again there is not much age-related difference, except perhaps a slight increase in IgG1. However, the largest age-related differences are in the CD27 þ memory population, where the proportion of IgG2 increases significantly at the expense of IgG1&3 (figure 2a).
The differences in IGHV family use between IgG1&3 and IgG2 that we saw in the young are no longer present in the older samples (figure 2b). This seems to be mainly because of the fact that old IgG1&3 genes use a similar repertoire to that of IgG2, having a significantly increased use of IGHV3 compared with the young IgG1&3 samples. This change seems to be a result of many smaller changes at the individual gene levels, as there were not many individual genes that were significantly changed with age (figure 2c). Not all aspects of the repertoire are differentially altered between the different IgG subclasses. Despite the differential change in CDR-H3 characteristics, the gene segments that form a large part of this region seem to change with age in a similar fashion across all IgG genes. Analysis of IGHD and IGHJ usage in the old showed similar increases in IGHD6 and IGHJ6, with a decrease in IGHJ4 (figure 2d,e) . Additionally, the distinctive properties of the CDR-H3 regions seem to be altered with age. There is no longer a significant difference between IgG2 from CD27 þ or CD27 2 cells in the old, when looking at the GRAVY and aliphatic index, which was the most distinctive characteristic of IgG2 CD27 2 cells in the young. Additionally in the young, IgG2 for both cells types had a lower average number of negative amino acids and a higher theoretical pI compared with both IgG1&3 cells and despite this still being true within IgG2 CD27 þ cells, it is not the case for IgG2 CD27 2 cells from the old. This results in differences between IgG2 CD27 þ and CD27 2 cells in the old that were not present in the young, in terms of the average number of negative amino acids and the theoretical pI, and highlights that IgG2 CD27 2 is most affected by age (figure 2f ).
IgA also shows a trend towards increasing IGHJ6 with age, although this is less marked than in the IgG repertoire and occurs at the expense of IGHJ3 rather than IGHJ4 (figure 2g). Despite the fact that there are no significant differences in IGHV or IGHD family usage, IgA does show small variations with age in individual gene usage. IGHV3-11 and IGHD6 -6 are seen to increase with age whereas IGHV3 -15, IGHV3-72, IGHV3 -9 and IGHD2 -15 decrease (figure 2h). In additional analysis of the IgA CDR-H3 region identified an age-related decrease in the occurrence of positive amino acids (figure 2i).
(c) Age-related alterations in antigen-inexperienced cells
Age-related changes in memory cells may depend on the transitional and naive cell repertoire from which the memory cells develop. Analysis of the antigen-inexperienced repertoire did not show a clear change in IGHV family use by the tests of significance that we use, although there does appear to be a trend towards increased IGHV1 and IGHV5 at the expense of IGHV3 ( figure 3a) . We did identify a significant decreased use of 3b) . Analysis of individual genes, rather than family usage, identified significant increases in IGHV1-2 and IGHV1-69 usage and a significant decrease in IGHV3-15, IGHV3-30-3 and IGHV3-48 usage within old transitional cells (figure 3c). Analysis of individual IGHD genes highlighted a decreased use of IGHD3-9 and IGHD3-10 alongside an increased use of IGHD3-3 and IGHD6-6 with age. No age-related changes were seen within IGHJ gene usage (figure 3d). Consistent with these gene changes, together with the fact that IGHD genes make up a large part of the CDR-H3 region, age-related changes in hydrophobicity and aliphatic index were also seen in antigen-inexperienced cells (figure 3e,f ). In the young, there were ten DJ gene combinations that are seen to significantly change their frequency between antigen-inexperienced and memory cells, whereas in the elderly only five DJ combinations change. This suggests a possible reduction of antigen selection with age. An example of this is shown for D1J4 usage, where in the young the frequency of use is increased in all types of memory cells whereas in the old this selection does not occur and no change is seen (figure 4b,c).
Discussion
It would appear that the selective forces acting on the IgG1 and IgG3 antibody repertoire differ from the other types of memory cells. This could be owing to a change in positive selection, with a different type of antigen initiating class switching to IgG1&3. As IgM memory and IgG2 are known to respond to polysaccharide antigens, then we could hypothesize that IGHV3 genes are more likely to bind polysaccharides [30] [31] [32] . The repertoire shift could also be owing to a shift in negative selection. If we assume that peripheral tolerance mechanisms constantly remove potentially autoreactive cells from the repertoire in an immune response then a decrease in use of a particular gene family (in this case IGHV1) could reflect the autoreactive potential of the family. IGHV1 gene use has been previously reported in autoimmune disorders [3 -9] . Cells receiving more survival help in the immune response may bypass the tolerance mechanism and show increased use of IGHV1 genes. Much more information as to antigenic preferences of IGHV genes would be required to test these hypotheses.
Our repertoire analysis of CD27 2 memory cells would agree that many features are similar to the classical CD27 þ memory cells, but we have found differences. In particular, there are strong differences in the CDR-H3 region of IgG2 D1J4  D4J4  D1J2  D4J2  D1J3  D4J3  D5J4  D6J4  D1J5  D4J5  D1J1  D4J1  D5J2  D6J2  D5J3  D6J3  D5J5  D6J5  D5J1  D6J1  D2J4  D2J2  D2J3  D3J4  D2J5  D1J6  D4J6  D2J1  D3J2  D3J3  D3J5  D5J6  D6J6  D3J1  D2J6  D3J6   D1J4  D4J4  D1J2  D4J2  D1J3  D4J3  D5J4  D6J4  D1J5  D4J5  D1J1  D4J1  D5J2  D6J2  D5J3  D6J3  D5J5  D6J5  D5J1  D6J1  D2J4  D2J2  D2J3  D3J4  D2J5  D1J6  D4J6  D2J1  D3J2  D3J3  D3J5  D5J6  D6J6  D3J1  D2J6  D3J6   27  30  33  36 39  42  45  48 54 cells depending on whether they express CD27 or not. A difference in repertoire, especially one involving the major antigen binding region of the antibody, would imply a difference in the antigen-driven selective forces acting on it. If the CD27 2 group of IgG2 memory cells were an exhausted subset of the CD27 þ memory cells we would expect them to have the same repertoire. Given that they are not the same, we therefore hypothesize that perhaps the CD27 2 IgG2 memory cells have undergone a downregulation of the activation marker CD27 because of some repertoire-related quality. The most obvious quality would be autoreactivity, given that this group of cells is increased in autoimmune conditions and in ageing where there is also a correlation with increased autoreactive antibodies [29] . It is interesting that some of the most significant differences between types of cells that are seen in the young group are not apparent in the old group. Apart from a slight change in the proportion of IgA1 versus IgA2 use in the older group, all the changes are in the IgG subclasses. There is greater use of IgG2 than IgG1 and IgG3 in the old, and the IgG1/3 genes that do exist have an IGHV gene family use that looks more like the IgG2 family. In general, there seems to be a skewing towards the IgG2/IgM memory-type repertoire, which is thought to arise mainly as a result of T-independent activation. This would perhaps fit with the known decrease in T cell numbers with age, reducing the amount of T cell help available for T-dependent activation. However, it is difficult to reconcile the observations of an altered repertoire within the IgG1/3 populations without also hypothesizing that the helper cell effects on class switching are separated from their effects on helping a B cell of a particular specificity to survive.
We did see some age-related changes in the transitional and naive repertoires that were supposedly unaffected by exogenous antigen, and therefore some of the age-related changes that we see may well be a result of an altered repertoire in the bone marrow. Changes in transcription factors affecting early B-cell development have been shown, and may well affect the repertoire [15] . However, the overall picture seems to be of a change in selective forces with age. Unsurprisingly, given its importance in antigen binding, the CDR-H3 region perhaps shows this more than individual IGHV gene usage. There is a very clear increase in use of IGHJ4 at the expense of IGHJ6 in the transition between naive and memory cells, and this selection decreases with age in all IgG subclasses (figure 2e). Some of the striking physico-chemical differences between CD27 þ and CD27
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IgG2 memory CDR-H3 regions disappear with age, whereas others appear (figure 2f ), and clearly the selective forces acting to determine the use of particular IGHD/IGHJ combinations are changed with age across many types of memory. In summary, there are some major differences in repertoire between different cell types, and between different classes and subclasses of antibody. It is important to bear this in mind in repertoire studies, as averaging effects could mean that important information may be missed in a study of mixed populations. The old individuals lose some of these repertoire distinctions; this likely reflects a difference in the selective forces acting on the older repertoire. Antigen history between different individuals will always vary, but the fact that a number of older individuals show the same change in repertoire implies a more intrinsic effect of something other than antigen history.
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